A possible response to aging is autophagy, a self-digestion process in which portions of cytoplasm are encapsulated by double-membrane-bound structures and delivered to lysosome for degradation. A previous work of our group showed that astrocytes under starving conditions are characterized by a higher upregulation of the marker of autophagy LC3 II than neurons. Aim of the present work was to evaluate LC3 II expression in an aging model consisting in fetal sheep neurons and astrocytes at 10, 20 and 30 days of culture. Such model has been validated by a remarkable activity of β-galactosidase, commonly used to reveal cell aging. LC3 II immunoreactivity in neurons and astrocytes progressively increased with time but differences were observed on the basis of cell density. Indeed, LC3 II immunoreactivity is higher in clusters of neurons and astrocytes and this may be due to the fact that cell-cell contact would represent a second stress in addition to aging itself. Both cell types displayed a reduction in LC3 II signal in nuclei, and a corresponding strengthening in the cytoplasm with time. This may be due to the need of aged cells to remove damaged cytoplasmic components through autophagic processes. Such variation in LC3 II localization could be caused by migration from the nucleus to cytoplasm as well as possible de novo intracytoplasmic production. The present work based on sheep neural cells in vitro may represent a helpful tool in the studies on aging processes in which autophagy plays a remarkable role.
Introduction
During brain aging, neurons and astrocytes undergo biological, morphological, and functional changes. Damages induced by aging lead to deterioration of cell components and alteration in tissue homeostasis that finally compromise the whole organism. Thus, aging consists in a natural decline in organism homeostasis over time, 1 presumably as the result of accumulative and unrepaired damages. During brain aging, increased oxidative stress and accumulation of damaged molecules promote dysfunction of different metabolic and signaling pathways. 2 The aging process is associated with an increase in cellular stress and the induction of stress response pathways. 3 Oxidative damage plays a pivotal role in the decline of brain functions, which could be explained by the increase in lipid peroxidation, 4 protein oxidation 5 and oxidative modifications of genomic and mitochondrial DNA. 6 Reactive oxygen species (ROS) produced by oxidative process together with many other DNAdamaging agents can induce neural cells to enter a state of irreversible cell-cycle arrest, referred to as senescence. 7, 8 The central nervous system is particularly exposed to oxidative injuries because of the high rate of oxygen consumption, the large amount of easily peroxidizable fatty acids, and the relatively poor concentration of antioxidant defense systems. 9, 10 Senescent neural cells become enlarged and express a pH-dependent β-galactosidase activity 11 and the corresponding assay has become one of the most commonly used markers to detect cell aging. In a previous work carried out at our labs in sheep primary neurons exposed to the oxidant 3-nitro-L-tyrosine, an increase in β-galactosidase activity was observed with time, and a downregulation of β II topoisomerase expression has been detected as a reaction to nitrosative stress. 12 Indeed, β II topoisomerase plays a role in DNA repair process in non-proliferating cells like neurons and its expression tends to be downregulated with senescence. 13 One of the most important responses to stress conditions is autophagy, that could be referred as an extreme attempt to cell rescue. Autophagy is a self-digestion process by which cytoplasmic components are engulfed by double-membrane-bound structures (autophagosomes) and delivered to lysosome for degradation.
14 During starvation and stress conditions, autophagic processes are often activated. 15 The molecular mechanisms of autophagy have been well studied in Saccharomyces cerevisiae by investigations of proteins encoded by a group of genes that regulate autophagy, which are genetically conserved in all eukaryotes. 16 Recently, the specific functional role of microtubuleassociated protein light chain 3 (MAP LC3) molecule was better clarified and two forms were identified. In details, during autophagic processes the form I of MAP LC3, named LC3 I, is covalently linked to phosphatidylethanolamine (PE) and is incorporated into autophagosome membranes, where it recruits cargo. This mechanism is mediated by Atg3 and Atg7. The form II of MAP LC3, named LC3 II, is involved in autophagosome membrane expansion and fusion events. [17] [18] [19] [20] [21] In a previous work carried out at our labs, 22 the autophagic activity of neurons and astrocytes from sheep brain under starving conditions was evaluated. The results showed that astrocytes are characterized by a higher upregulation of LC3 II immunoreactivity than neurons, where the LC3 II immunoreactivity was very weak. Therefore, it can be assumed that astrocytes show a higher capability than neurons to cope with stress and exhibit a stronger autophagic response.
In the present investigation, LC3 II expression over time has been evaluated in an aging neural model consisting in primary fetal sheep neurons and astrocytes. It is known that autophagy may differ in neurons and non-neuronal cells. 23, 24 So, in this investigation the possible differences in LC3 II immunoreactivity between astrocytes and neurons in primary cultures from fetal sheep brain have been examined during aging conditions. This approach could better clarify the role of astrocytes in the protection of neurons in brain aging.
Materials and Methods

Sample collection
Twelve 40-day-old fetuses were obtained from sheep slaughtered in local public abattoirs for human nutrition when accidentally pregnant, so fetuses underwent immediate death. Consequently, neither were animals killed nor underwent any suffering for the present research. The period of gestation was established by measuring fetal crown-rump length, following the tables reported in the literature. 25 Moreover, gestational age has been chosen as suitable to obtain viable neurons and astrocytes from sheep brain. 26 Within one hour from fetus collection and under sterile conditions, the skull was opened, the brain visualized and the frontal cortex isolated and fragmented. Blocks were suspended in ice-cold cell freezing medium composed of Dulbecco's Modified Eagle's Medium (DMEM) with 1% HEPES (pH 7.4), 10% fetal calf serum, and 10% dimethylsulfoxide (DMSO), following the cryopreservation method reported for bovine neural tissue. 27 Cryotubes were slowly frozen to -80°C and transferred to liquid nitrogen after 24 h.
Cell culture
The procedure to obtain neural primary cultures was the same previously described 28 and the most suitable period to grow viable neurons and astrocytes is around day 40 of sheep gestation. 29 Frozen tissue blocks were rapidly thawed in water bath at 39°C and minced in smaller fragments under sterile conditions. A papain dissociation kit (Worthington Biochemical, Lakewood, NJ, USA) was used to dissociate cells. Cells were then suspended in basal medium consisting of a 1:1 mixture of DMEM and Ham's F12, supplemented with penicillin (30 mg/L), streptomycin (50 mg/L), sodium bicarbonate (2.4 g/L), insulin (10 μg/mL), transferrin (10 μg/mL), sodium selenite (10 -8 M) and 10% fetal calf serum. Cells were incubated at 39°C in a 5% CO 2 humidified atmosphere. The temperature of 39°C was chosen as it is the basal temperature in ovine species. Cells were plated at the rate of 5×10 5 on glass coverslips previously coated with poly-Llysine (Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured for 10, 20 and 30 days.
Cell characterization
One monolayer per brain, at 10, 20 and 30 days of culture, was used to characterize cells by double immunofluorescence. The primary cultures were fixed with 4% paraformaldehyde at room temperature for 20 min. After fixation, cells were washed with PBS, then permeabilized with 0.1% Triton X-100 for 10 min, treated with 5% BSA buffer for 30 min to block endogenous nonspecific sites and incubated overnight with mouse monoclonal anti-III β-tubulin 30 and rabbit polyclonal anti-glial fibrillary acidic protein (GFAP) antibodies, 31 widelyrecognized markers of neuronal and glial cells respectively, diluted 1:200. Then monolayers were incubated for 1 h at 37°C with anti-mouse TRITC and anti-rabbit FITC conjugated antibodies diluted 1:100. 32 All antibodies were from Sigma-Aldrich. One additional monolayer per brain was used as negative control by substituting the primary antibody with non-immune mouse and rabbit sera.
Stained and unstained cells were counted under confocal microscope at 40X magnification in random squared ROI (Region of Interest) from 4 different slides. Each ROI had a side of 387 µm. A minimum of 200 cells per field was counted per each time and the number was expressed in percentage. The counting was repeated by three different researchers to evaluate possible inter-observer differences which were lower than 2%.
Aging protocol
Cells were cultured for 10, 20 or 30 days with the medium changed every 3 days. This protocol was aimed at analyzing timedependent changes. Cultured cells grown on glass coverslips were fixed with 2% formaldehyde 0.2% glutharaldehyde at room temperature for 15 min, washed three times and then treated with the marker of senescence β-galactosidase (Senescence β-galactosidase staining kit; Cell Signaling Technol., Danvers, MA, USA), pH 6 for 10 h at 37°C in the dark. After rinsing, cells were viewed under a Leica Leitz DM IL bright field microscope.
LC3 II immunoreactivity
In order to detect LC3 II immunoreactivity in neurons and astrocytes at 10, 20 and 30 days of culture, double immunofluorescence was performed using LC3 antibody together with cell type markers. In details, primary cultures were fixed with 4% paraformaldehyde at room temperature for 20 min. After fixation, cells were washed with PBS, then permeabilized with 0.1 % Triton X-100 for 10 min, treated with 5% BSA buffer for 30 min to block endogenous nonspecific sites and incubated overnight with one of the following monoclonal primary antibodies: anti-GFAP diluted 1:500, and anti-III β-tubulin, diluted 1:200. In addition, a polyclonal anti-LC3 II antibody, diluted 1:100 was used. 33 Cells were then incubated with a mixture of two secondary antibodies anti-rabbit TRITC, diluted 1:100, and anti-mouse FITC, diluted 1:100. All antibodies were from Sigma. All samples underwent blue nuclear counterstaining for fluorescence microscopy with Hoechst no. 33258 (Sigma-Aldrich). Finally, labeled cultures were mounted with FlourSaveTM Reagent (Calbiochem, San Diego, CA, USA). Cultures were observed and photographed using a Leica TCS confocal microscope with excitation and emission filters 488 and 527 for FITC, 543 and 587 for TRITC, and 365 and 448 for Hoechst blue no. 33258.
Imaging and statistical analyses
Microscopic pictures were taken of confluent and non-confluent monolayers, each including more than 50 cells. In order to quantify the cytochemical and immunofluorescence procedures, pictures were digitally captured and converted to bitmap format. Then different observers to evaluate intra-and inter-variability that was lower than 2%. All data were expressed as means ±SD and were tested by the one-way analysis of variance Kruskal-Wallis test (R Software). A probability of 0.05 or less was considered as being significant. In order to verify possible differences in LC3 II immunofluorescence depending on the intracellular localization, pictures were observed by three independent observers, whose evaluations are summarized in Table 1 .
Results
Primary cell cultures were viable and contained different neural cell types. Two cell populations were indeed present: i) III β-tubulin immunoreactive neurons; ii) GFAP-immunoreactive astrocytes.
Cell characterization revealed that at 10 days of culture about 60% of cells could be identified as neurons, whereas the remaining cells were astrocytes. At 20 days of culture the two cell populations were equivalent in percentage with a slight increase in astrocyte number in comparison with neurons. Finally, at 30 days of culture about 70% were astrocytes and the remaining were referred as neurons (Figure 1 ).
Neurons were mostly bipolar (about 90%) displaying small and round cell bodies with thin extensions that tended to have contacts with those of the contiguous cells, whereas glial cells had the typical features of astrocytes, showing pleomorphic shape and a large flat cell body with long cytoplasmic processes forming a star-shaped network. β-galactosidase activity increased with time. It was indeed weak after 10 days of culture to become very marked after 20 days remaining high up to 30 days, when almost all cells were strongly positive (Figure 2) .
The antibody against the marker of autophagy LC3 II revealed immunofluorescent puncta distributed in the cytoplasm and nuclei of both neurons and astrocytes (Figure 3) . The optical density showed that LC3 II immunoreactivity in neurons progressively increased with time. Indeed, when expressed as percentage of its maximum value, it was 30% at 10 days to become 60% at 20 days and reach 100% at 30 days of culture. A similar pattern was observed in astrocytes, where at 10 days the optical density for LC3 II immunoreactivity was 45%, at 20 days reached 65% and at 30 days rose up to 100% (Figure 4 ). Differences were observed on the basis of the cell confluence degree. Clustered cells of both cell types showed a higher LC3 II signal than non-confluent ones, after all time lapses. In addition, both cell types, when clustered, displayed a more marked LC3 II signal in Original Paper nuclei than cytoplasm at 10 days, whereas the opposite was detected at 30 days with an intermediate pattern at 20 days. When isolated, LC3 II signal was always detected weakly with no significant differences in intracellular localization, regardless of the cell type and time (Table 1) .
Discussion
In this study, the well-known marker of autophagy LC3 II was quantified in both neurons and astrocytes from 40-day sheep embryos. The sheep was chosen as an experimental model for two reasons. The former is that sheep fetuses allow a rapid collection of considerable amounts of brain tissue in comparison to laboratory animals. 26, 28, 29 The latter is the fact that sheep is susceptible to neurodegenerative diseases such as Scrapie and Maedi-Visna diseases 34, 35 and in neurodegenerative disorders an outstanding role is played by oxidative stress, which are implicated in the mechanisms of brain senescence. 36, 37 The setup of primary cultures allowed to obtain two cell types, i.e., III β-tubulinimmunopositive neurons and GFAP-immunopositive astrocytes. At 10 days of culture, the cell population was mainly constituted of neurons, whereas at the end of the examined period (30 days of culture) astrocytes were prevalent on neurons. This is in accordance with Richard et al., 26 whose work showed an increase in the number of astrocytes with time. In our protocol, β-galactosidase activity increased with time, so it may be seen as a reliable model of cell senescence in agreement with what reported by Dimri et al.
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, who affirmed that the marker β-galactosidase was expressed by senescent fibroblasts and keratinocytes, and Tsuchihashi et al. 38 , who noted an increase in both β-galactosidase activity and LC3 II expression occurring in auditory senescent cells exposed to H 2 O 2 in a concentration-dependent manner. The gradual increase in LC3 II immunoreactivity detected in both the cell types during time clearly indicates that senescence induces a significant strengthening of autophagic processes. One of the mechanisms at the base of the relationship between senescence and autophagy could be the increase in the expression of the chaperone protein BAG3, a molecule expressed in autophagic processes that has been observed during aging. 39 In our opinion, it is of interest to note that clustered cells display a different pattern of LC3 II expression in comparison to isolated cells and this occurs in both cell populations after the same period of time (Table 1) . Indeed, LC3 II immunoreactivity is higher in clustered cells and this may be due to the fact that cell-cell contact would represent a second stress in addition to aging itself. It is reported that contact-inhibited Original Paper cells show an evident β-galactosidase staining, so it can be seen not only as a marker of senescence but also of contact inhibition. 40, 41 Such two conditions, aging and contact inhibition as well as serum deprivation, are associated with lysosomal activation. 42, 43 Clustered neurons and astrocytes displayed a reduction in LC3 II signal in nuclei, and a corresponding strengthening in the cytoplasm with time. This may be due to the need of aged cells to remove damaged cytoplasmic components through autophagic processes. 44, 45 Such variation in LC3 II localization could be caused by migration from the nucleus to cytoplasm as well as a possible de novo intracytoplasmic production.
When isolated, LC3 signal was always detected weakly with no significant differences in intracellular localization, regardless of the cell type and time. The observation that cells express higher amounts of LC3 II when clustered rather than isolated during aging, suggests that contact inhibition might enhance autophagic processes. The present work based on sheep neural cells in vitro may provide a helpful tool in the studies on aging processes in which autophagy plays a remarkable role.
